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ABSTRACT

This report deals with the problem of alleviating the dameging effects of
blast-induced ground shock on underground structures of the type preseantly
contemplated for hardened micsile sites. This first year's effort has been
directed primsrily towsxd the design end implementation of an experimental
program utilizing small cylinders and several types of shock-lsclation devices.

The test items (rigid aluminum cylinders, 2 inches in diameter and 8 inches
long) were emplaced vertically in a bed of Othewa sand with one end at the
surface. The ground disturbance was created by means of a small (0.02-1‘0) LE
charge. Acceleration measurements were obtained at three points within the
models. The isolation devices consisted of (1) a wrapping of & low-density
(2 1b/eu %) flexible poalyurethane foam, (2) a simmlated pile foundation for
the model with an air void between the model and the send, and (3) a simlated
pile foundation for the model with pre-expanded polystyrene beads between the
model and the sand. (As used ln this report, the term "model" does not Imply
toat scaling of structures wes intended.)

The experimentsl technigue was developed to the point where a satisfactory
level of shot-to-shot reproducibility of effects was attalned. Of the iso-
lation devices testeld, the polyurethane foam material proved to be the most
effective, reducing peak accelerations (relative to the unisclated model) by a
factor of fram 5 to 10. The stresr level in the sand is estimated to be on the
order of 1 psi. Various thecretical conslderations relating to both the unisoe-
lated and isolated models are discussed.
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Chapter 1

INTRODUC TION

1.1 PROGRAM OBJECTIVES

This study, entitled ''Ground Shock Isolation of Buried Structures',
has as its primary objective the establishment of techniques for alleviating
the damaging effects of blast-induced ground shock on underground structures
of the type presently contemplated for hardened military facilities. l/ The
eventual accomplishment of this goal, it is believed, should properly involve
tests of prototype structures under field conditions. Aside from the practical
aspects of such an effcrt at this time, however, it seemed appropriate to
first consider the behavior of small-scale structures in soil or soil-like
media. ARF suggested in its Research Proposal to this contract that a
laboratory test program employing miniature models would bring into focus
those parameters which principaliy influence the shock isolation properties
of selected systems, and that subsequent tests based on these results and
employing larger, but still small-scale, modelz would determine the actual
techniques and/or mechanisms that show the most promise for prototype
application. From the results of these latter tests it is to be hoped that
realistic full-scale designs could be prepared (preferably in conjunction
with field tests).

1.2 PROGRAM SCOPE

This first year's effort has been directed primarily toward the design
and implementation of an experimental program utilizing miniature models

of gilo-like structures and several so-called shock-isolation devices.

-1-/ This report represents the final report on ARF Project No. 8147 and
covers work performed during the period May 1958 to June 1959. ARF
personnel who contributed materially to the project include F. K. Halwax,
T. M. Kroll, R. W. Sauer, E. Sevin (Froject Engineer), E. H. Scharres,
S. Shenkman, E. Vey, and R. E. Welch. Data are recorded in ARF
Liogbooxs No. C8847 and C8980.



In any miniature-scale-model experimentation, one is clearly

concerned with the applicability of results to the full-scale situation. Iu the
present instance, it is impossible toc guarantee such application because of
the practical impossibility of constrycting true models of either the structure
or the isolation system. Prototype installations involving shock-isolation
schemes are only in a conceptual stage at this time, and there is also a
general lack of similitude relationships for the generation and the interiction
of shock in s0il media, The utility of the resulta obtained must rest, therefore,
on the following two hypotheses:

1. Isolation techniques feasible for prototype application may. be

characterized by a few essential parameters, which, in turn, may
be effectively modeled on a miniature scale.

2. Although there exists a certain dissimilarity in free-field phenomena

between the full- and miniature-scale situations, the latter may

still serve to rate the relative effectiveness of different approaches

to isolation.

The second hypothesis is critical and most open to question. Imagine
a spring base designed to cushion the fall of a man from a jump of a certain
height, This same base would be totally inadequate if a several-tan weight
were dropped on it from the same height. Here, then, is an cbvious example
wherein the effectiveness of the isolation in an absolute sense is totally
dependent on the scale of the input. We are concerned, however, with
establishing only relative effectiveness of system types. That is, to cuntinue
the analogy, we would assume that the relative effectiveness of various
isolation designs intended to arrest the motion of the heavier weaight, could
be established by observing the relative effectiveness of model devices in
cushioning the impact of a man. A design suitable for the larger weight

would then have ic be prepared in accordance with the "model!' test results,

Although the validity of these hypotheses cannot be demonstrated at
this time {and, of course, they may be generally invalid), it is our view
that they are sufficiently plausible to justify the present experimental

approach,



The following specific method of approach was formulated in accordance
with the views indicated above:
1. Review of existing information, both experimental and theoretical,

relating to ground-shock free-field phenomena, response of under-
ground structures, and attempts at shock isolation.

2. Consideration of possible approaches to isolation of prototype silo-
like structures with attempts to establish the essential parameters
of each.

3. Design of a miniature-scale laboratory test program for simulating
blast-induced ground shock in soil-like media, and construction of
several models of isclation systems in accordance with the results

»

of item 2 above.

4. Attempt at formulation of a mathematical model of the soil-isolation
interaction, so as to yield analytical results for interpreting and
guiding the experimentation.

5. On the basis of the experimental and analytical results obtained,
development of an experimental program utilizing small-scale models
of a size sufficient to reflect more faithfully proposed isolation
schemes for prototype structures.

On the basis of the literature review, together with certain practical
considerations, it was decided to use an Ottawa sand and a high-explosive-
induced (HE) ground shock for the minature-scale tests (see Chapter 3).
Great emphasis was placed on attaining reproducibility of effects ata
constant radius in the sand bed for a single shot {symmetry of field), and
at the same point in the bed on a shot-to-shot basis; for without a reasonable
degree of reproducibility, there would be little justification indeed for any
generalization of results. As discussed in Chapter 3, only a very few experi-

ments could be performed with shock-isoclation models.

The study of past attempts at shock isolation was limited to the
Plumbbob 3.5 experiment, recent thecries of packaging and dynamic
cushioning, and, briefly, conventional applications of vibration absorbers
in mechanical systems.r On the basis of this material, it seemed appropriate
to classify shock-isolation devices as to whether they were primarily of an
energy-di ssipative type (e.g., a crushable material, the Plumbbob 3.5
"gin bottles") or of a non-energy-dissipative type {e.g., an elastic spring
mount). Further, it appeared desirable to seek a model isolation material

that might exhibit either property depending on the nature of the shock input.



On the basis of the results obtained, the flexible polyurethane foam of
low density selzcted for this purpose acted as an efficient isolator of the

nondissipative type (see Chapter 6).

A theoretical study of the sand-model-interaction problem was
conducted on the basis of an elastic one-dimensional soil, modified so as
to incorperate certain aspects of the two-dimensional situation (see Chapter 4).
The results obtained are largely qualitative in nature but do not discredit
the assumption of elast:c action. An idealized model ot an energy-dissipa-
tive type of isolation material was then incorporated into the analysis in
order to treat the sand-isglation-model-interaction problem. The results
of this work indicate that the dissipative action could not be achieved at the
low stress levels (approximately 1 psi) present in our experimental setup.
The test results seem to bear this out and indicate a need for experimentation

at higher stress levels.

In view of the limited results cbtained with the isolation material tested,
it is considered desirable to continue the laboratory experimentation prior
to the design of a larger, but still small-scale, tests. Thus, no detailed
design of such tests is proposed--other than a continuation of the present
type of experiments on a slightly larger scale in another type of soil (using

the same type of instrumentation).



Chapter 2

PRELIMINARY CONSIDERATIONS

2,1 REVIEW OF THE LITERATURE

We present in this section the results of a limited literature survey
undertaken as one of the initial activities on the program. The survey deals
with gelected areas of interest to the general problem at hand and is meant
to be current but by no means exhaustive in scope. The reference material
studied is listed in the Bibliography to thigs report and is indicated throughout

the text by a number enclosed in parentheses.

Inasmuch as most theoretical considerations of ground-shock
propagation are based on the classical theory of linear elasticity, standard
texts on that subject and also related, more specialized works, such as those
by Ewing, Jardestsky, and Press {14) and by Kolsky (19}, serve as invaluable
introductory material and general reference volumes. More detailed studies
by numerous Japanese investigators concern behaviar close-in to a disturbance
and the effects on surface motion of factors such as surface curvature, sub-
surface elastic and water layers {34), and variations in disturbance sources {32).
Of more recent date are the series of studies by the Rand Corporation
regarding the earth stresses and motions produced by a surface blast.

These include, for example, the effects of an impulsive surface load (20)

and a theoretical solution for the air-induced ground shocks {27).

Asg indicated in a2 summary on soil stress waves published by the
Stanford Research Institute (37), a major prcblem is that of representing
the true nature of dynamic soil behavior. There is much literature available
presenting the attempts of many investigators to develop a satisfactory
non-elastic model of soil behavior., These attempts encompass many different
approaches. A brief summary follows for each of the more plausible ideas.
Anisotrophy: The most direct approach would seem to be the modification
of the soil éehavior on a large scale to include the more obvious soil
characteristics. The work of J. L, Synge {38), then, is an attempt to
characterize the soil as a linear elastic medium but with different soil
properties in the vertical direction. The development of elastic waves

in a half-space, however, is still faced with the known, non-linear,
inelastic soil properties.



Visco-Elasticity and Plastic-Elasticity: References (6) and (30), which
respectively incorporate a velocity-dependent energy loss and permanent

set of the medium, attempt to modify the mathematical model of the soil.
Wave equations developed on these bases characterize some soils sufficiently,
namely, those having high moisture content or some degree of internal
cohesgion but do not adequately represent more granular materials.

Granular Materials: Other investigators concentrated their efforts
primarily on granular materials. Mindlin and others (23, 16) basing
their work on the Hertzian elasticity solution for spheres in contact,
studied the mechanics of wave propagation in variocus bodies composed of
packed spheres. Salvadori and Weidlinger (25), in investigating a similar
medium, dealt with a material that compresses suddenly at a certain
stress level and afterward remains locked in that position, which action
gives rise to the propagation of a pseudo-shock-front in the soil.

Others: Two other approaches are also of some importance. The first

of these, the "hydrodynamic" theory (12), postulates that under impact

a solid will assume a state similar to that of a fluid and that the initial
phase of the shock wave will, therefore, be similar to the shock wave in

a fluid. This method seeins applicable only to extremely high stress levels
such as are found in the immediate vicinity of a blast. The second approach,
not vet fully elaborated, depends on the development of general stress-
strain relations for '"mesoscopic' (finite-dimensioned) elements of soil

and the subsequent derivation of wave equations. As explained by Pinney
(42), this method would make use of the known average properties of a

soil to good advantage.

Coincid 2nt with davelopment of the above theories of wave propagation,
2 numbea of basic studies, such as that by Bernhard and Finelli (5), were
undertaken frormn the viewpoint of pure soil mechanics. The actual dynamic
behavior of a given soil particle, however, seems most fomplicated, and,

as yet, such studies have not been fruitful.

Field observations of ground motion, employed since the beginning of
seismology, have evolved to the current, precise techniques used in earthquake
measurement, and similar techniques have also been used for the more
relevant problem of vibrations due to blasting operations. Investigations
by Morris (24), Leet (21}, and others {9) consist of empirical studies of the
effect on surface-motion amplitude of such factors as charge weigﬁt, distance
from charge, and location of maximum amplitude. Morris and Leet, in
particular, present interesting qualitative discussions oi the mechanics of
blasts, dgﬁscribing the development of zones of rupture, slight cracking, and

elastic action.



More recent work in a similar vein has been undertaken by various
organizations {13, 18, 35) in connection with full-scale weapons effects
programs. Empirical analyses have been made of wave form, attenuation
with distance, and variation of peak stress and acceleration magnitudes with

size of weapon and depth in soil.

Aside from such large-scale testing operations, some work has been
done in developing and employing laboratory facilities for smaller scale
testing. Two such programs are described in recent reports oy Massachusetts
Institute of Technology {44) and Armour Research Foundation (2) dealing with
the use of rapid-loading devices in studying wave propagation in soils and
the use of scil-simulating photo-elastic materials to investigate stress wave
action and as a check on various acceleration gages. Related work has also
been done by Scopek {(26) in measuring sand density in place by means of
gamma radiation and by Goodier, Jahsman, and Ripperger (17) in estimating
the time variation of a given impulse on a steel block by graphical integration
of an chserved surface wave. {This latter work was instrumental in the
congideration of the Rayleigh wave developrmient given in Chapter 4.) Also
of interest, chiefly by way of encouragement, is the early work of Terada
and Tsuboi (39} in investigating the response of an agar-agar bed to a steady-

state vibration.

We are immediately concerned with the response of a structure ina
scil te an incident stress pulse. While primary interest lies in the behavior
of a shock isclating material or device, a thorcugh understanding of this
demands a corresponding understanding of the response of the unisolated
structure. Unfortunately, the available store of literature is weakest in

these two areas.

Some problems involving wave scattering have been sclved in such
fields as fluid mechanics (4), but the physical differences between fluid and
soil-like media make these solutions inapplicable here, Of a2 more promising
nature are the early efforts of Sezawa (33) in his work on the scattering and
diffraction of elastic waves by such rigid inclusions as screens and cylinders
of various cross sections. His treatment covers the effect on elastic waves
of both movable and imymovable obstacles and predicts both resultant field

motions and, where applicable, the motion of the inclusion. Similar work



was also done by White {43), but his main interest was in such inclusions

as empty and fluid-filled cylinders.

Turning now to the isolation device itself, one finds little applicable
information. To be sure, much information is available concerning the
engineering treatment of vibration-igolation problems such as are commonly
encountered in designing machinery, machine foundations and structural
components. In such cases, standard materials {cork, rubber, felt, springs,
etc. ) usually prove satisfactory. Experimental research (29) with such
materials has been concerned only with their over-all effects on vibrating
systems and has not considered the actual mechanics of their behavior.

Only two references touch on the isolation of large-scale motions such as
considered in this report; and these, only in a brief or empirical way.
Creskoff (11) makes brief mention of the use of a vertical layer of large-size
gravel about the below-ground walls of buildings as a means of reducing
earthquake damage. Although this is apparently a common practice, no
further mention of it i8 made in the available literature. The other source
of inforrmation is Project 3.5 of Operation Plumbbob, (36), in which a
gilo-like structure was surrounded by a layer of "gin bottles'' and shear
barriers as isolating devices. Quantitative results indicated a considerable
reduction of observed accelerations, but som= control data were lost and

no analysis is presented.

2.2 A BASIS FOR SMALL-SCALE EXPERIMENTATION

The desigu of a small-scale ground-shock-isolation experiment depends
to a large extent on what one means by shock isclation as applied to an entire
structure. In Section 1.1 shock isolation was indicated to be the alleviation
of the damaging effects of ground shock on the structure. If this is accepted
as a meaningful, if rather vague definition, one must then designate the
neffects' of interest. JPossibly, this is best approached in terms of the

purpose of isolation systems.

Underground structures of the type being considered are built to
house and protect functioning components of a weapons system. As such,
the structure is adequate only if the performance of the components is

unimpaired as a result of the design inputs being applied to the structure.



The designer is properly concerned not only with assuring the integrity

of the primary structure, but also with assuring tolerable inputs to the
functioning elements of the system housed within. Shock isclation of the
primary atructure may be viewed, therefore, either as a means of reducing
soil-transmitted forces on the structure (so as to permit a more efficient
structural design}, or as a means of alleviating the maotions of the structure
(so as to mitigate the requirements on the design of interior equipment and
mountings). In the latter case, isolation of the structure is to be considered
part of the overall approach to shock mounting of interior equipment, since
structural integrity is presumably assured without recourse to any means

of external isolation. L As argued in the following paragraphs, itis
preferable to think of shock isolation for the purposes of this study in the
sense of alleviating structural motiong rather than in reducing soil-transmitted
forces. While this may be a somewhat arbitrary distinction that does not
constitute an essential limitation of the results obtained, it does provide

more of a rationale for the test plan.

An experiment designed to establish the effectiveness of an isolation
system for reducing soil-transmitted forces would seem tc require some
measurement of these forces, either by direct or indirect means. Both
approaches present formidable difficulties. In view of the dependence
of soil-transmitted stress on the local response of the structure and of the
impracticality of true structural modeling on a small scale, direct
maasurement of stress could have only limited meaning--irrespective of the
serious uncertainties in instrumentation technique. 7The interpretation of an
indirect measurement, such as the acceleration or velocity of a point on the
structure, depends for its validity on the adequacy of the theory governing
the soil-structure-interaction problem, ¢oncerning which too little is known.
It is, of course, this very dependence of the loading on the structural response
that distinguishes the underground-structural-effects problem from the
superficially similar air-blast-effects problem, and explains in part the

great analytical difficulty encountered in the former.

2y Of course, there inevitably mnust be a trade-off between the extent to
which one shock mounts the entire structure relative to the surrounding soil
mediurn and the equipment relative to the structure.



The influence of structural parameters on the forces transmitted by
the soil to the structure can be illustrated most simply with reference to a
one-dimensional, elastic soil model. If in this case an incident stress pulse
impinges on a structure (i.e., on the soil-structure interface) that is
effectively rigid relative to the soil, the pulse is reflected in kind, and the
force on the interface becomes twice that of the incident pulse. When the
stiffness of the interface is considerably less than that of the soil, the
structure acts much as a void, and little or no force is transmitted. (Energy
input to the structure is then in the form of kinetic energy of *he void-like
material.) For intermediate structural stiffnesses, the transmitted stress

pulse depends on the relative velocity of the interface.

A small-scale experimental study appears more promising when viewed
as an attempt to alleviate the motions of the primary structure. For one
thing, it is the acceleration of the primary structure which acts as a driving
force on interior components, rather than the direct forces acting on the primary
structure. This i8 most easily seen if the interior component iz visualized
as single-degree-of-freedom system of effective mass m , whose equation

of motion is given by
m;‘l'R(x“Ys;c";”t):O- (Z.l,\

In Eq 2.1, =x is the coordinate defining the motion of the companent, vy
is the cnordinate defining the motion of the primary structure, and R is
the resistance to motion of the component which is taken to be a function of
the relative displacements x - y, relative velocity x - ¥, and the time t

Letting z = x - y denote the relative displacement, Eq 2.1 may be written as
mz+R(z 2z, t) = -my 2.2)

The acceleration of the primary structure, ‘y' , thus is seen to represent

the disturbing force on the component, as was stated above,

Viewed in this manner, the acceleration of the model becomes a
measurement of direct interesi, which is practical to ebtain on miniature-
scale models. Moreover, sirce acceleration is a primary measurement,
it i8 a simpler matter to rate the effectiveness of the various isoclation

schemes tested than if direct force measurements were attempted.

10



The use of effectively rigid models, desirable in view of the inability to
model structurally as well as the practical aspects of mounting accelerometers,
appears somewhat more reasonable when the gross motion of the structure

is of primary interest.

It is true that if an isolation device is effective in reducing the motions
executed by the primary structure, it is also effective in attenuating the
forces transmitted by the soil to the structure. For this reason, it mAay not
be too important to conceive the present experimentation as being directed
necessarily toward the former rather than the latter application. Nonetheless,
the experiments are in no way intended to represent structural models, they
do not consider the possibility of structural '"failure', and soil-transmitted

forces are neither a direct nor an intended indirect measurement.

2.3 ISOLATION OF PROTOTYPE STRUCTURES

We offer some brief comment in this section as toc the manner in which
one might isolate prototype structures. This discussion is quite incomplete,
since detailed considerations of this nature are clearly outside the scope of
this effort. It is our purpose to indicate that isolation can be achieved in

various ways and also to suggest an approach to model testing.

Since the present state of knowledge does not permit a precise statement
of the input function against which the structure is to be isolated, it is
convenient to suppose that the disturbance is primarily a sudden displacement
of the medium in which the structure-ir embedded. This appears to be a
rough approximation to the truth, although the magnitude of the displacement
in a given situation is not well defined from available test data, Isolation,
then, is a means of preventing the structure from partaking of ‘he sudden

motion of the medium in which it i8 embedded.

Clearly, an absolute method of igolation would be to create, and
maintain, a complete void between the siructure and its surrounding medium.
This idealized situation of course can never be realized, since the weight
of the structure must be supperted, the earth held back around the structure,
and the alignment of the structure maintained within the cavity. To some
extent, then, the motion of the free field will be imparted to the structure

through its vertical and horizontal support system. To be at all effective
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these supports must approximate the action of the void, so that they will be
substantially less stiff than the surrounding earth. Two general types of
isolation seem possible: (1) an energy-dissipative device, such as a
frangible or crushable material whose ultimate compressive strength is
well below that of the adjacent soil, and (2) a non-energy-dissipative

material, such as a soft elastic spring mount.

Various types of frangible materials could be employed. Against
the more severe vertical forces, suitable plastic-flow energy absorbers
could be designed. Thus, a silo could be supported on blocks of material
capable of sustaining large plastic deformations, such as soft aluminum,
copper, lead, or similar materials. The blocks could be proportioned
go that their yield stress would be only moderately greater than the static
stress necessary to support the structure., Isolation against lateral forces
could be provided by a frangible backfill of lesser unit strength, A soft
elastic suspension for the structure, assuming any of a number of guises,
should also provide good isolation. The structure could be surrounded
with materials such as flexible polyurethane foams, pneumatic springs,
or, for that matter;, even a mechanical spring systern could be devised.

It might even be practical to achieve a soft spring mount by essentially
floating the structure in water. Suspensions of both types could be
incorporated in the structure-within-a-structure concept, i.e., in which
the function of the outer structure ie simply to maintain its integrity under

shock loading.

It is the intent of this study *o determine the particular properties of
an isolation material that make it most effective. There does not seem
tc be much question that various approaches will prove effective to eome
extent, and, there(ore, an actual design might be strongly influenced by
the necessities of constructicon practice. For example, this might be the
basis for selecting the frangible material over the spring suspension, despite
the energy-absorbing characteristics of the former. With regard ¢tz the
tremendous energy input associated with free-field mctions, it may Ls,
unrealistic to base the effectiveness of an isslaticn device solely wn the energy-

dissipative character of the material.
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Chapter 3

THE EXPERIMENTAL PROGRAM

3.1 BASIS FOR EXPERIMENT DESIGN

The design of the experimental program involved four major phases.
These were (1) selection of the test medium, (2) selection of model gcometry,
(3) selection of shock-generating technique, and (4) selection of instrumen-
tation. Various considerations entering into the decisions made are discussed

in the following paragraphs.

3.1.1 Test Medium. The choice of a test medium was based on three
main considerations: namely, {1} the requirement that the shock-transmission
properties of the medium approximate as much as possible those of real soils,
(2) the desire to achieve the highest degree of reproducibility of results, and

(3) the practical aspects of achieving a sufficiently large expanse of the medium.

In view of the wide range of actual soil types that are presumed to be
of eventual interest in practical applications, the first requirement does not
provide any firm guides. However, it does suggest the use of prototype soils
rather than unproven synthetic materials. The requirement for reproducibility
of effects implies the practical ease in achieving uniformity and reproducibility
in the physical description of the medium, e.g., water content, relative density.
Synthetice are generally more desirable in this respect. The overall size of
the medium governs the time of observation during which the response of the
test models is unaffected by reflections from the sides of the soil-containing
structure, To maximize this observation time and also to enable the use of
models of a desirable size, the largest possible extent of the test medium is
required. Factors which tend to limit the size of the medium are (1) cost and

(2) practical means and facilities for generating shock strengths of interest.

On the basis of these considerations, the choice of a test medium was
reduced to that of urethane rubber or a dry non-cohesive sand. In favor of
the former was the fact that considerable experience with it had already been
gained in connection with ancther AFSWC-sponsored program at ARF. Also,

it appeared possible to share the use of the medium with that program.
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To conatruct another block of urethane rubber for the exclusive use of the
present program was ruled out as being of prohibitive cost. However, when
it appeared that scheduling and conflicting interests would minimize the
joint use of the medium, it was decided to utilize dry sand. All experiments
thus were conducted in a dry Ottawa sand, a precise description of which is

given in Appendix B.

3.1.2 Model Geumetry. At the outset of the program it was decided
with the sponsor to concentrate our efforts on a silo-lixe geometry repre-
sentdtive of missile containment structures. Thus, the model structures
selected were right circular cylinders posilioned with their axes normal
to the surface of the medium and one end flush with the surface. In view
of the impossibility of achieving true structural models, it was decided to
make the models essentially rigid. The size of the models was held to a
minimum compatible with available instrumentation. A detailed description

of all models is given in Seciirn 3.2.2.

3.1.3 Shock Generation. Three shock generation techniques were
considered: (1) small high-explosive (HE) charges, (2) the 6-ft-diameter
shock tube, and (3) mechanical devices. The decision was made in favor
of HE charges for the following reasons:

1. Desirable facilities for conducting the experiment were immediately
available,

2. ARF posgesses wide experience in designing and in preparing charges
for specialized purpwuses.

3. Use of the shock tube at the time would have involved serigus problems
of scheduling.

4. Mechanical devices, while undoubtedly practical, appeared to reguire
considerable design and fabrication effort.

3.1.4 Instrumentation. The matter of instrumentation had mustly
to do with the determination of the type of measurements to be cobtained.
It was decided at the outset that no special effort would be devoted toward
obtaining free-field data of any type because of the particclar application of
regults intended. As discussed in Section 2.2, measurements of model

acceleration appeared most meaningful, especially for a rigid model.
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Therefore, it was decided to make acceleration the primary measurement,
Other measurements obtained in some of the tests consisted of (1) free-field
air pressures, (2) free-field sand pressures, (3) time of detonation, and (4)
crater formation by means of a high-speed motion picture camera. A
complete description of the instrumentation and associated electronics is given

in Section 3.2.4.

3.2 DESCRIPTION OF EXPERIMENTAL SETUP

3.2.1 Test Chamber., The experimental progrém wase conducted in
the ARF Test Cell, which has facilities for the firing of small caliber
weapons and explosives and was easily adapted to our purposes. In addition
to the explosive chamber that housed the sand bed, the cell had complete
provigsions for firing, data recording, photographic development, and shop

space.

A partial sketch of the test cell is shown in Fig. 3.1. The explosive
chamber measures approximately 16-ft by 5-ft by 6-ft in height. It is of
reinforced-~concrete construction, and the one-foot-thick walls are clad
with 1/2-in. steel plating. It accommodates a sand bed 7-ft-7-in. by 4-ft-
10-in, by 3-ft-9-in, high (Fig. 3.1). Figure 3.2 is a photograph of the sand

bed taken from within the chamber.

3.2.2 Models. The test models consisted of 2-in. diameter, thick-
wall (1/4-in.), aluminum tubing, 8-1/8 in. in length. Both ends of the tube
were rcapped. A sketch of a typical model is shown in Fig. 3.3, which also
indicates the positions of the accelerometer gages. The accelerometer
leads were brought out through the top cap. The weight of a model, including

caps and accelerometers, was determined to be 667 grams.

The basic-model. when placed in direct contact with the sand, is
referred to as a control model. The isolation models consisted of this 3ame
model wrapped with a sheet of flexibie polyurethane foam. Two thicknesses
(1/4 and 1/2 in.) of a 2-1b/cu-ft foam were used. Figure 3.4 shows a control
model and the two isolation models. Figurc 3.22 shows the models in place
in the bed. The only other type of mcdel tested consisted of a control model
with a 1-1/2-ft length of 1/2-in. ~diameter steel rod affixed to its base

(Fig. 3.5). This model was an attempt to simulate a structure founded on
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a deep pile. It was tested once with an air void created between it and the

surrounding sand (Fig. 3.23a) and twice with the void filled with pre~expanded

polystyrene beads (see Fig. 3.23b).

3.2.3 HE Charge. The ground disturbance for the tests was created
by detonating a charge made up of four 1/2-in. -diameter by 1/2-in. -long
pressed Tetryl pellets -l'/. Each pellet weighed 0.00558 1b and was specially
prepared bv ARF personnel. It is estimated that the variation in pellet

size did not exceed 0.00] in. in any dimension or 1 percent-by-weight.

The pellets were taped together with a 1-in. length of 1/2-in. -OD
steel tubing at one end to form a cylinder, 1/2 in. in diameter and 3 in. long.
The detonator was a No. 6 DuPont electric blasting cap inserted ingide the
steel tube and taped securely. A photograph of the charge and detonat:r is

shown in Fig. 3.6.

3.2.4 Instrumentation. Instrumentation consisted of (1} accelerc-
meters, (2) air pressure gage, (3) sand pressure gage, {4) detonaticn sensar,
and (5) Fastax high-speed camera, together with the necessary recording
equipment. The acceleration data were the scle measurements cbtained
from the models. The air pressure gage was used initially to monitor the
air shock in the chamber and later to indicate the pres:ence of air shock
under the test bed cover. (see Section 3.3). The sa»? pressure gage was
used to measure free-field conditions, and the detonation sensor was ured

to establish a zero time for the initiation of the disturbance.

The accelerometers were Columbia Research Model 302 compression-
piezoelectric-type gages. The gage sensitivity with the cable lengths and
input circuity used was approximately 1 mv per g of acceleration. The
dynamic acceleration range of the gages was 0.02 to 40,000 g; their
natural frequency was 75 kcps. The accelerometers weighed 23 grams and
were attached to the mddels with a single #10-32 stud. A maximum of

three gages was used in each model, positioned as shown in Fig. 3. 3.

Y Various size charges were tested until finally this size was decided upon;
see Section 3. 3. )
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Air pressure measurements were obtained with a Glennite Model P-401
piezoelectric blast gage. It consists of a circular-disk sensing element

attached to a tubular support and is commonly referred to as a "lollipop!
gage.
Sand pressure was measured with a miniature crystal gage developed

by ARF. It consisted of a 1/2-in. ~diameter by 1/8-in. -long crystal of

barium titanate mounted on a phenolic base,

The detonation sensor consisted simply of a loop of fine wire placed
around the charge. Fracture of.the wire, which occurred when the blast
broke the surface of the bed, caused a momentary interruption of the trace

on the recorder.

A photographic record of the sand bed during detonation was ohtained
for several tests using a Fastax camera operating at about 4000 fps. In
this connection, a rectangular grid work of colored sand was placed on the
surface of the bed covering the models. Figure 3.2 shows a view of the sand
bed just prior to a test with the camera in position. Still photography was

utilized liberally both before and after a test,

Dynamic recording was accomplished on three, 4-channel-recording,
cathode-ray oscillographs using 35-mm photographic film. Provision was
made for recording an accurately known charge on the gage circuits for
calibration just prior to each test. In addition, one-millisecond timing
dots were recorded on one edge of the film. Response of the sensors and

recording equipment used was flat dc to 70 keps + 5%.

Detonation of the HE charge was accomplished by a source of valtage
controlled by sequencing circuits. When manually triggered, the sequence
timer started the recording cameras, recorded the gage calibration signals,
applied the firing voltage to the blasting cap, recorded the time cf break of
the detonation sensor, and then recorded the analog response data of the
models. Finally, the end of each of the three film strips was imprinted
with a serial number for later correlation by the engineer with his n~tes and

logged observations. A schematic diagram of the circuitry is shown in

Fig. 3.7.
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3.3 PRELIMINARY EXPERIMENTS

The first tests were directed toward establishing the proper range of
charge size and relative position of the models. Up to three control models
were utilized, each with a single accelerometer. -2’—; An initial 8~in, -long
cylinder of Tetryl was successively reduced in size until the 2-in. -long
charge described in Section 3,2.3 was decided upon. After various positions
of the charge in the bed had been considered, it was finally decided to place
the charge against the back wall with the closest model 36 in. away. The
charge, which was buried with its axis normal to the surface and one end flush
with the surface, uniformly produced a semicircular crater measuring 22 in.
in diameter and 5 in. deep (Fig. 3.8); there was no vigually observable
permanent motion of the sand and model at the closest model position. An
cbservation time of approximately 10 msec during which the model was
uninfluenced by reflections from the bottom and downstream walls of the sand
container could be obtained at the central 36-in. position. Reflections from
thé back wall occur instantaneously and act to effectively increase the
charge weight. The presence of this wall, therefore, strongly influences
the free-field disturburance, but not the observation time at the model

locations.

Also of interest during these first tests was the nature of the accelero-
meter records obtained, both as to their individual significance and shot-to-
shot reproducibility. The results were disappointing in both respects. The
records all exhibited considerable amounts of high-frequency hash, and,
generally, the same gages did nct indicate any obvioug similarity of salient

features from shot-to-shot. A typical set of records 18 shown in Fig. 3.9,

During these tests the surface of the sand bed was exposed to the
blast, therefore the motion of models resulted from some combination of
direct and air-induced ground shock. The models themselves were covered
with 8-in. -diameter, metal pie plates resting on the sand. It was at first

thought that the poor records were principally due tc an inadequate technique

&/ The CRL gages were not available at this time and a Gulton accelero-
meter similar in size but of considerably less sensitivity was used.
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for conditioning the bed and emplacing the models and charge. This tech-
nique was refined to a substantial degree with but little improvement; the
ringing of the gages was still predominant. —?1/ It was then decided to shield
the surface of the bed from the direct air shock by constructing a suitable
baffle and cover. This shielding noticeably improved the results, as can
be seen in Fig. 3.10 and 3.11, which show typical records cbtained in a
later series of tests. Since there appeared to be no other way in which
clean records consistently could be obtained, it was decided to conduct all
future tests with the bed covered. It was recognized, of course, that
prototype isclation scheme must be effective against both direct and air-
induced ground shock, and that with the bed covered the latter phenomenon
would not be reproduced in the lakoratory tests. As discussed in Section 1.2,
however, the validity of the experimental approach rests cn the hypothesis
that the relative effectiveness of isolation schemes can be determined

despite such dissimilarities in shock input.

3.4 EXPERIMENTAL PROCEDURE

Before proceeding to a discussion of the primary experiments and
results obtained, it will be well to describe the experimental procedure
in some detail, as this procedure is in itself a major result of the year's
effort. The present technique is the product of all experimentation to date,
and it is to be expected that refinements will continually be made as the
work progresses., There are basically three phases to the procedure,
having to do with (1) conditioning of the sand bed, {2) emplacing the rmodels,
and (3) emplacing the charge. A description of the general procedure and

then a 3tep-by-step cutline follows.

3.4.1 General Procedure. The sand bed is conditioned by leveling
it and vibrating it at length in a set pattern using a standard rotating concrete
vibrator unit both before and after emplacing the models. In soeme instances
the models are left in pgsition from the previous test and then only the
refilled crater area is vibrated. A paper sleeve, 1-1/4 in. in diameter and
3-1/2 in. long, is inserted into the sand at the charge position, and the

sand is removed. The charge is set into the sleeve just prior to firing. The

3/ Electrical filtering was attempted and, while superficially effective,
was considered undesirable.
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models are emplaced with the aid of a length of 5-in. -diameter stove pipe

set into a template which, in turn, is affixed to rails on the walls of the
chamber 80 as to insure accurate positioning, The sand is removed from

the stove pipe, the model set in place, and the sand carefully replaced and
compacted; the stove pipe is then removed, and the area surrcunding the
model is vibrated without causing the model to shift position. Boards spanning
the side rails serve as a working platform so that the surface of the bed is

not disturbed. The bed is cuvered after all models are in place, and the
charge is then set. After complete checkout of all electronic equipment,

the charge is detonated.
3.4.2 Specific Procedures.
Procedure for Conditioning the Bed and Emplacing Models and Charge:

1. Roughly level sand bed with screed.

2. Vibrate bed a quarter area at a time, proceeding away from charge.
area and filling in holes left by vibration.

3. Level bed.
4. Hand finish back-wall areaz.
5. Insert sleeve for charge and remove sand from sleeve.

6. Set front baffle of cover in place and adjust to sand level, filling
in all spaces.

7. Set template in place against appropriate stops on side rails,

8. Insert stovepipe through appropriate hole in template to a depth
1/2 in. below bottom level of model.

9. Excavate sand from stovepipe to depth of model.

10. Place model in position, center, and orient, using guide marks to
insure that horizontal accelerometers lie along a radial line from the
charge position.

11, Fill in void area and tamp each 3-in. layer 50 times.

12. Remove stovepipe and template and hand finish around model,

13. Vibrate on two sides of model not closer than 18 in. to model, Take

care that depression left by vibration is not in line with a model to be
subsequently placed.

ot
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14, Repeat steps 7 through 13 for remaining models; the model furthest
from the charge is emplaced last.

15. Place auxiliary instrumentation, e.g., sand gage, air gage, Fastax
camera.

16. Cover the entire sand bed from the baffie to the far end with 2-by-10-in.
boards spanning the side rails, and place board in front of baffle.

17. Place detonation sensor around charge sleeve.

18. Place charge into sleeve, taking care that it is centered and vertical,
and connect to firing line (authorized personnel only).

19. Check out all electronic equipment.
20. Fire.
With four rnodels, this procedure involves several-days eifort.

Procedure for Reconditicning Bed and Emplacing Charge with Models
Already in Place:

1. Refill crater area and remove any debris from previous shot. Do not
remove cover boards.

2. Vibrate crater area, taking care not to leave vibrator impressions in
line with any of the models.

3. Proceed as in steps 4, 5, and 17 through 20, above.

Several tests of this nature can be run in a single day.

3.5 REPRODUCIBILITY TESTS

From the outset, it was felt that the relative success of the experi-
mental procedure should properly be measured in terms of shot-to-shot
reproducibility at selected positions within the bed. Also, for a particular
shot, one desires substantial symmetry of field at various radial locatiens.
With this in mind, a prolonged series of tests were conducted using only
control meodels in various positions throughout the bed. While the primary
aim was to establish a satisfactory level of reproducibility, these tests
were also the means whereby the experimental technique described previously

was evolved.

Sixteen tests were performed in this series., The first six of these

were performed without the bed being ~2vered and are not reported in
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detail. ¥ Tests 7 through 16 are summarized in Table 3.1, and the records
are presented in Appencliix A. The location of the models is indicated in
Figs. 3.12 and 3.14. 2/ In Table 3.1, the column labeled "Shot No. on Bed"
refers to the number of tests for which the models were left in position,

thus the bed was completely conditioned only for '"Shot No., 1.

In tests 9 and 10, the crater was refilled by hand but not vibrated,
The results of these tests were found to be markedly dissimilar from the
previous ( and subsequent) tests and the records obtained are not repeated.
Subsequently, the crater area was vibrated for all shots. In test 14, no
crater was formed, and the records oblained were again dissimilar. It is
surmised that the charge was inadvertantly pulled from the sleeve prior

to firing and that a direct air blast occurred.

Inspection of Table 3.1 and of the records themselves indicates that
the performance of the gages and recording system was quite satisfactory.
The ouly exception to this was the performance of the sand pressure gage,
from which no meaningful records were obtaired., The gages produced a
large signal at shot time and apparently had not reccvered at actual arrival
time. This behavior is attributed to electromagnetic effects and was probably

due to inadequate shielding of the gage and the connecting cables.,

The degrec of reproducibility attained is observed by close inspection
of the records during the first 5 msec or so after shock arrival. It is
found that the records from all gages are two typical forms, a and b, as

indicated in Fig. 3.13. Table 3.2 lists the coordinates of the typical

A7
24 Tests 5 and 6 were for the purpose of obtaining a photographic record of
crater formaticn and sand motion and did not contain any other instrumen-

tation.

5/ Each of the models is identified by a number {1 through 5) as shown in

T Fig. 3.12. This number was retained throughout the program, whether or
not the model was of the control or isolation type in any c¢ne test. In addi-
tion to the model numbers, each position in the bed was identified by a
number (1 through 8) as shown in Fig. 3.14, This scheme was intended to
facilitate comparison of gage records for the various models which occupied
the same location in the bed on different shots. However, care must be
taken, not to confuse the model and position numbers. For example,
Fig. 3.12 and 3. 14 together indicate that Model No. o occupied Position
No. é on teet 7 through 12, Position No. 2 on tests 13 through 16, and
Pr.gition No. 5 on tests 17 through 19. Also, it is seen that Models No. 1,
2, and 3 each occupied Position Ne. 2 during certain of the tests.
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record forms for direct comparison of reproducibility at the same position. —(31——17
The positions, identified in Fig. 3.14, apply to all tests. Care should be
taken not to confuse references to the position numbers of Fig. 3. 14 with

the model numbers of Fig. 3.12 (see footnote No. 5 on p. 22).

It is seen that the upper horizontal acceleration records are primarily
of Form a, the initial peak being absent only in six out of twenty-two instances.
Similarly, the vertical acceleration records show the initial peak of Form a
in only two out of twenty instances. The lower horizontal acceleration records

are only of Form b,

Careful study of Table 3.2 indicates the following tentative conclusions

based upon the data obtained:

1. Records from the first shot on a bed at a given position may be
significantly different from those of succeeding shots at the same
position. The differences are primarily in arrival time, although
the shape of the pulse may also differ markedly.

2. It is possible to obtain good reproducibility of effects for successive
shots after the first shot on the bed.

3. It is possible to obtain good reproducibility of effects for each first
shot on the bed.

4. It is possible to obtain reasonably good radial symmetry on both the
{first and later shots on the bed, although arrival times may differ
in any shot,

5. The greatest differences 1n peak accelerations on a shot-to-shot basis
occur in the vertical accelerations.

6. The difference in arcival time between the upper and lower accelero-
meter would correspond to a wave froni having a curvature about twice
ag great as that associated with a spherical wave centered about the
charge.

7. The average wave velocity in the sandbed based on relative time of
arrival measurements at different model locations is approximately
800 fps, with variations of several hundred fps about this value.

L7 One control model was used in the isolation experiments, Tests 17, 18
and 19, and the data for this model also are listed in Table 3.2.

7 (o .
—/ Positive g-values refer to downstream acceleration.



Reference is made to Fig. 3.15 through 3,20 in support of these
tentative conclusions, Figures 3.15 and 3.16 show the initial signals recordsd
at Positions 1 and 2 for the firat, second, and third shots on the same bed.
{The records are aligned on the basis of zero time as indicated by the detonation
gsensor.) The differences between the records from the first and the later
shots are clearly evident, as is the marked similarity between the results
for Shots 2 and 3. Figures 3.17 and 3.18 compare the results obtained at the
same position for successive first shots on the bed. The similarity in most
instances is truly striking, except for the extreme differences in vertical
acceleration. Figures 3.19 and 3.20 illustrate the extent of vradial symmetry

obtained in the first and third shots on a bed.

3.6 ISOLATION TESTS

Tests 17, 18, and 19 involved isclation models. The records obtained
are summarized in Table 3.1 and are presented in Fig. 3.21 and Appendix A,
Tig. A-24 through A-31. The position of the models in the bed is shown in
Fig. 3.14 and the models themselves are described in Section 3.2.2. Figures
3.22 and 3.23 show the modelg in place in the bed.

Inspection of records indicates that the foarn isclation material is
definitely effective in attenuating peak acceleration. The peak upper hori-
zontal acceleration from Model 1 in Test 19 is about 1.9 g whereas the
corresponding acceleration for the control model is 10 g; the effective
period of the pulse has increased from about 1 msec for the control model
to almost 9 msec for the isolation model. While there are gsome guantitative
differences in results from the three tests, the essential reproducibility
of effects is clearly evident. The 1/2-in. thickness of foam {Model 1} appears
slightly more effective than the 1/4-in. thickness {Model 2), in the sense that
the acceleration amplitude is somewhat gmaller for the former. Direct
comparison is difficult since the two models were not at the same radial location
in the bed (see 'Fig. 3. 14).. This result would be expected, of course, at the

same location, since the thicker material is eifectively a softer spring.

Mode!l 3 in Test 17 consisted of a control maodel mounted on a steel
rod (see Section 3.2.2), which was embhedded in the sand. An air void was

created between the model and the sand by using a 5-in. -diameter section
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of stove pipe as a retaining wall (Fig. 3.23a). This setup was an attempt

to simulate a structure founded on deep ''piles' and otherwise completely
isolated from its surroundings. 8/ The acceleration records shown in Fig.
A-24 through A-26 indicate that this scheme was not particularly effective.
The horizontal accelerations suggest that the model was vibrating as a rigid
mass atop a column. An effective column length of 6 in. was computed on the
basis of the measured period. The explanation that the top 6 in. of the 18-in.

"pile' might be effectively unsupporied by the sand seems plausible.

In Tests 18 and 19, the air void was filled with pre-expanded poly-
styrene beads, approximately 0.05 in. in diameter, which were intended
to act as a damping agent {Fig. 3.23b). That this proved effective to only
a slight degree can be seen in the records of Fig. A-27 thrcugh A-31,

178 The bore of this maodel was prubably in contact with loose sand.



Table 3.1

SUMMARY OF EXPERIMENTS

e

Crater
Shot No. Area
Test No. on Bed Vibra‘ed Recorder Records Obtained

7 1 - A No records
B 11.h., 2L.h., 41.h.%, air pressure
c lv.,, 2v.5, 4u.h.% free field

8 1 - A 1uwh., 2u.h.® 3uh, 4v.2
B 11k, 21.h., 41.h,c, air pressure
C 1v., 2v.% 4 u.h.c, free field

9 2 no - -

10 3 no - -

11 4 yes A l1uwh., 2u.h.?, 3 u.h® 4v.©
B 1102, 21.h., 41.h., air pressure
c l1v., 2v., 4 u.h.%, free fleld

12 5 yes A lwh., 2u.h.?, 3uh® 3un? 4+.¢
B 11.h.%, 2 1.h., 4 1.h., air pressure
G 1v.,, 2v., 4u.h.%, free field

13 i - A lw.h., 2uh., 31.h., 4v.°
B 11.h., 21.h., 31.h., 4 1.h.
C lv.,. 2v., 4uh., free field

14 2 yes air blast

15 3 yes A 1 wh.,, 2u.h., 31.h., 4 v.
B 11.h., 21.h., 31.h., 4 L.h.
C lv.,, 2v., 4u.h., free field

16 4 yes A 1u.h.,;, 2u.h., 31.h., ¢ v.
B 11.h., 21.h., 31.h., 4 L.h.
C 1v.,, 2v., 4uh., free field

17 1 - A 1uh.S 2u.h.% 4v., 3 uh.
B 11L.h., 21.h., 41.h.2, 3 L0
C 1 v, S, v.c, 4u.h., 3v.

18 2 yes A l1uh% 2uhS 4v., 3uh.
B No record
C lv.,y,2v.,, 4u.h., 3v.

19 3 yes A lu.h., 2u.h., 4v., 3u.h.
B I11.h., 21.h., 4L h., 31.h.
C lv.,Zv.c, 4un? 3v.

# Numbers refer to models whose poaition is shown in Fig. 3.12 and 3.14. Abbreviations indicate Ly
which Zccelerometer the record was obtained: u.h., upper horizontal; 1.h., lower horizontal; v.,

vertical. Superscript letters indicate: a , nonrepreseniative trace; b, off scope; <, gain too low.
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4

-

- Steel hatch

Sand bed

a. Partial plan.

b, Section A-A.

Figure 3.1 Test cell.
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Figure 3.2 Interior view of test cell,
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Figure 3.3 Test model.
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Figure 3.4 Polyurethane foam isolation models:
No. 1 - 1/2-in. thickness,
No. 2 - 1/4-in, thickness,
No. 4 - control model.
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Figure 3.5 Pile isolation model,
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Figure 3.6 Tetryl charge and detonatoxr.
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Figure 3.8 View of crater,
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a. Upper horizontal and vertical acceleration traces.
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b, Upper horizontal, lower horizontal, and vertical
acceleration traces.

Note: Positive horizontal acceleration vector points
downstream; positive vertical acceleration vector
points downward.

Figure 3.13 Typical forms of acceleration traces,
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Figure 3,14 Model positions for tests 7 through 19.
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2. One-half-inch foam isolation (Model No. 1},

P. One-quarter-inch foam isolation {Model No. 2}.

Figure 3. 22 Polyurethane foam isolation models in place,
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a, Void isoclation {Model No. 3, test 17).

b. Polystyrene beads (Model No. 3, tests 18 and 19),

Figure 3.23 Pile isolation model in place,

48



Chapter 4

THEORETICAL INVESTIGA TIONS

The general problem of shock transmission in soils and sgoil -structure
interaction is of such complexity that theoretical treatment cannot supplant
the need for experimentation at this time, However, theoretical considerations
of any sort which provide aid in the direction and interpretation of the experi-
ments clearly are desirable. One can list three major problem areas of
interest, namely, (1) free-field phenomena, (2) motion of the control model,
and {3) motion of the isolation model. The latter two problems refer to the

sand-model interaction and the sand-isolation-model interaction, respectively.

4.1 FREE-FIELD THEORY

4.1.1 General Requirements. By free-field theory, one generally
refers to a means of predicting particle motion and stress distribution through-
out the medium in terms of the energy release of the detonation. The formu-
lation of such a theory is a most formidable undertaking, existing theories being
generally inadequate, and one that properly requires independent study. In the
present application, however, we are mainly interested in interpreting the
response of the model structures for some given free-field input, and in this
restricted sense we require a considerably less sophisticated free-field theory.
After some deliberation, it was decided to base a free-field theory on the
assumption of a linearly elastic sand and, moreover, to treat this as a one-
dimensional problem, -l/ in so far as the horizontal component of the distarbance
i8 concerned. A separate treatment for motions in the vertical direction is

poesible, but was not considered explicitly.

It is well appreciated that experimental data obtained under field
conditions tend to discredit the assumption of elastic action; and it wauld be
a bit too much to hope for in any event, living as we are in a predominantly
non-linear world. However, as stated above, we are interested primarily in
the interaction problem, not in the more general problern of wave transmission,

and these objections seem less significant when viewed in this manner.

2 An exception to this is the three-dimensional treatment of the Rayleigh
surface wave presented in Section 4.2.
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One must next consider the efficacy of a one-dimensional treatment.
So far as free-field phenomena in the sand bed are concerned, we are faced
at best (i.e., if effects of reflection from the sides of the sand container
are neglected) with an axisymmetric three-dimensional probiem. The sand-
moed! intéeraction is generally three-dimensional and only at the loss of
certain effects can it be considered as two-dimensional. To further reduce
it to a one-dimensional problem requires some explanation. This is taken
up in the following section, but some introductory remarks may be indicated

here.

If the free-field phenomena are assumed to be largely one-dimensional
within a given horizontal stratum, the interaction problem is two-dimensional.
Since we are interested in the response of the model at times prior to the
arrival of reflections from the sides of the sand container, our (horizontal)
one-dimensional column of sand (containing the model) may be considered as
infinite in iength. From this pecint of view, there are three essential differences
between the infinite one-dimensional column of sand and the two-dimensional
semi-infinite lamina, namely: (1) Under a static force, the column of sand
{and hence the model) will undergo an infinite displacement, whereas a
localized force acting on a semi-infinite body produces a finite displacement.
{2} In two dimensions, the soil-transmitted forces on the model are dependent
to some extent on the geometry of the model, whereas in one dimension,
geometry plays no role. And (3), in one dimension, particles downstream
of the model are disturbed only as a consequence of the motion of the model,
whereas in two dimensions, this effect contributes only in part to the down-
streamn particle motion, which in turn influences the net force action on the

model.

Of these three effects, it is8 believed that the first, i.e., the zerco
stiffness characteristic of the infinitely iong, one-dimensional model, is most
important. Accordingly, a modification of the one-dimensional formulation
that tends to circumvent this objection is described in the following section.
The second and third twe-diniensional effscis are neglected entirely. E/ This
most certainly does not mean, however, that a one-dimensional treatment is
employed on the basis of its being wholly adequate; nothing could be less true.
Quite simply put, to further complicate the mathematical formulation would

practically rule out the possibility of obtaining numerical results with an
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expenditure of time and effort compatible with the scope of this contract. For
example, it was not possible to obtain a closed-form solution to the control-
model response problem when the incident stress pulse was assumed to be

of the Rayleigh wave type.

4.1.2 Rayleigh Surface Waves, It was argued in the previous section
that a rigorous free-field theory was required only to the extent that it provided
a saustactory basis for formulating the sand-model interaction problem and
that, for this purpose, elastic action of the sand seemed admissable. Based
on a measured wave-propagation speed of about 800 fps and assuming the
duration of the mean acceleration to be approximately equal to the period of
the free-field motion, the wave length of the surface wave is indicated to be
about ten inches. This suggests that the 2~in. ~diameter control model may
be largely following the motion of the free field. Accordingly, it was decided
to investigate the properties of a Rayleigh surface wave for the conditions of
the sand bed. Thie view was supported by the results presented in Ref 17,
to the effect that the Rayleigh wave solution was in good agreement with

observed surface strains in a steel blocn wudes an lmpulse surtace lLoad.

The existence and propagation of Rayleigh waves are familiar phenomena
in the field of elastic wave mechanics, which have been substantiated by
experimental studies in stress-wave propagation and by seismic observations
during earthquakes and blasting operations. These waves are generated in
their most elementary form by the passage of plane shear and dilatational
waves parallel to the free surface of a semi-infinite, elastic half-space. The
requirements of zero stress on the free surface are satisfied by the existence
of a third plane wave, called the Rayleigh surface wave, which attenuates
rapidly with depth. Since the analogous three-dimensional solution for a
point source of short duration is rmuch more invelved, it seems advisable to
note here the significant features of the plane case before proceeding to the

more general solution.

& An approximate treatment of the two-dimensional problem has been
developed in Ref 1,
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Consider a verticzal lamina of a semi-infinite body (the conditions of
linear elasticity, homogeniety, and isotropy being assumed throughout} lying
in the x-z plane, the z axis being directed normal to the surface with z = 0
at the surface. Let u and w be particle displacements associated with
the Rayleigh wave in the directions of the x and z axes, respectively.

In Ref 14, these displacements are given by

n o= Ak [exp(-qz) 2qs(s® + £2)7} exp(-sz):(' sin(wt - kx) (4.1)

w - Aq [exp(-qz) - 282(8% + ) exp (—sz)] cos{wt - kx) . (4.2)
where

A = amplitude of wave

= 2W/A, wave number

k
A = wave length
2
q

= (1 - Pk %)
az - &7(; - Klz)
2 L -2a
IRy
7 = Poisson's ratio
ky = cR/,.@'

CR = wvelocity of Rayleigh wave

/A = velocity of distortional wave
s = carcular frequency of wave oscillation
t = time.

The velocity of the Rayleigh wave is found from the solution of the

following equation which results froum satisfying the condition of zero stress

on the surface z = 0:
k?—8k14 c 83 -2l 16 (A1) = 0. (4. 3)
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Equation 4.3, being a cubic in klZ , must always have at least one real
root. If Poisson's ratio is choosen to be 0.5 for a dense dry sand (corres-

ponding to o, = 0), Eq 4.3 yields only the one real root

klz = 0.9127 .

this in turn, provides

K, = R 0.9554.

Thus, in the plane case, the velocity of the Rayleigh wave is but 5% less

than that of the distortional wave.

The coefficient of the sine term in Eq 4.1 governs the attentuation of
the wave amplitude with depth below the surface, z . Using 0(1 = 0 and

the associated root k1 , this coefficient becomes

Ak [e—kz- 0.5434 e’0'2955kz}

This expressioin has a maximum value of 0.4565 Ak at the surface, decreases
to zeroc at a depth of 0.138 wave lengths (i.e., kz = 0.8654), reverses sign
and reaches a relative minimum (0. 1788 Ak} at 0.413 wave lengths (kz =
2.5959), and then asymptotically approaches zero. Itis of interest to note

that the particle motion at the free surface is of a retrograde elliptical form.

We consider now the propagation of waves at the free surface of a
semi-infinite solid generated by a concentrated force of short duration
acting normal to the surface. Following L.amb's procedure, one obtains
firat the solution for a load distributed over the entire gsurface and varying
as a harmonic function of time. Let r be a radial coordinate and z be
normal to the surface with z = 0 taken at the surface. Then the surface

forces per unit area,

[pzr] 2z =0 ~ 0 and [Pzz] . =0 = 27, (kr)el @t | (4.4)

give rise to horizontal and vertical surface displacements of the form
2 2 4
k(2k® - k 4 -240) Z et
Qy = - Iy (kr);(—- e {4.5)
F(k)
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Equation 4.3, being a cubic iu k.1 , must always have at least one real
root. If Poisson's ratic is choosen to be 0.5 for a dense dry sand (corres-

pordingto o, = 0 ), £q 4.3 yields only the one real root

this in turn, provides

. R _
S 0.9554 .

Thus, in the plane case, the velocity of the Rayleigh wave is but 5% less

than that of the distortional wave.

The coefficient of the sine term in Eq 4.1 governs the attentuation of
the wave amplitude with depth below the surface, z . Using O(l = 0 and

the associated root kl , this coefficient becomes

Ak [e‘kz- 0.5434 ¢"0:2955kz]

This expression has a maximum value of 0.4565 Ak at the surface, decreases
to zero at a depth of 0.138 wave lengths (i.e., kz = 0.8634), reverses sign
and reaches a relative minimum (0.1788 Ak) at 0.413 wave lengths (kz =
2.5959), and then asymptotically approaches zero. It is of interest to note

that the particle motion at the free surface is of a retrograde elliptical form.

We consider now the propagation of waves at the free surface of a
semi-infinite solid generated by a concentrated force of short duration
acting normal to the surface. Following Lamb's procedure, one obtains
first the solution for 2 load distributed over the entire surface and varying
as a harmonic function of time. Let r be a radial coordinate and z be
normal to the surface with z = 0 taken at the surface. Then the surface

forces per unit area,

_ _ iwt (4.4)
[pzr] 2 = 0 ° 0 a.nd{pzz] 2 =0 ° Z.To(kr)e ,

give rise to horizontal and vertical surface displacements of the form

2 2 \)'
K(2k* - k2 - 2V} .
q. = - £ 3 (kr}/%elwt (4.5)

° F(k)




2

ki U .
Z
W = LN I (kr) = ettt
Fik) H
In the abeve cquations
q, = horizontal displacement at surface z = Q
W, © vertical displacement at surface z = 0
Z = amplitude of normal stress intensity
k = wave number
W = frequency of force
k‘g = a)//a
ko( = w/o(
A = velocity of distortional waves

« = velocity of compressional waves

2ok 2

(02 = 8 -k

’
/U = Lame Constant

L= density

t = time

J , J, = Bessel functions of zero and first order, respectivel
o] 1 y

Flk) = (Zkz - kz)z - 4k2’0"\) = Rayleigh's function.

A

(4.6)

These results can be superposed to yield the solution for a concentrated

force of magmtude L at the origin z =

0 by expansion in terms of a

Fourier-Bessel integral. That is, one takes

L f°°
[pzz] 2z =0 - " Iwm B Jo(kr)kdke
and sets
L kdk
Y 2
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in Eq 4.5 and 4. 6. Upon integrating with respectto k from 0 to @,

the resulting surface displacements are found to be

L PR (Zkz-kg—Z'U'U') .
vy 27l T, (kr)dk e ¥t
9% T THu o (k) 1 (4.8)
SR
) L 3 ;
Wo = T & TR Jolkr)k (4.9}

As in Ref 14, the integrals can be evaluated by contour integration
in the complex plane. At this point, we introduce a specific time variation
for the force and denote it by S, (t) . A reasonable, and particularly
convenient, form for this variation is

pL

Sd(t) = 1:—;2—-‘:'7-—-- s

where p is a constant.

The resulting surface displacements of the Rayleigh wave are found

to be
HL, 372 . 3 .
q. = - cos ! Tv sin (5 - =-v) {4.10)
o 172 372 i "2
Zju(ZrCR) p -
w o= KI;]Z 372 cos 3/Zv sin (’72{ -—23-v) , (4.11)
Z/J(ZrCR} p
where
v = arc cos P —-
pz + tﬁ
r
t, = t-=
" Cr
CR = velocity of Rayieigh wave
I1 = constant

K = Cousicut



According to the assumption that the control model is executing the
motion of the free field, we are most interested in the radial component
of the csurface acceleration. This is obtained by implicit differentiation
of Eq 4.10 and is

2

d"q, 5 /2 . .
——— % 3 = # cos v sin{ /4 - 7v/2), (4.12)
dt
where
15 HL
4= 1/2 1/2
S/u(ZrCR) p

The graph of Eq 4. 12 is shown in Figure 4.1 where the nondimensional
radial acceleration a/ i8 expressed as a function of the time parameter

t Also shown in the figure is the guantity Sd(t) , which is the analytical

A
form assumed te represent the detonation input. This expression and the
resulting acceleration have been evaluated for p = 1 msec . The constant
p is a measure of the average pulse width, and the choice of 1 msec is based
on the experimental data. 2 The quantity o« governs the radial location.

It depends on the elastic properties of the mediwn and is proportional to the
amplitude of the input pulse L . No attempt has been made to evaluate « ,
since L is unknown and the effective elastic properties of the sand are not
well established. However, the results of Fig. 4.1 still provide a means of

comparison with the experimental data.

A comparison of the Rayleigh surface accelerations with a typical
record from an upper horizontal accelerometer (say, Fig. 3.10) shows
definite similarities. It is observed that the first peak in both cases is
negative and of considerably smaller magnitude than the second, positive,

peak. The ratio of positive to negative peak magnitudes i8 somewhat

37 Measurements obtained during the preliminary tests indicated that a
time delay of about 1 msec occurs between initiation of the firing voltage
(the detonator should then ignite within microseconds) and arrival of an
air shock immediately above the change.
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greater for the theoretical case, but this may possibly be explained by the
eifect of the sand-model interaction or by the fact that the gage, being
slightly below the surface, records an attenuated positive peak. Another
similarity is evident in the relative time scales of the experimental and
theoretical curves, the peak-to-peak period in both cases being on the onrder
of milliseconds. While this argument is dependent upon the somewhat
arbitrary choice of pulse width (i.e., p = 1 msec), it would be discouraging
indeed if the time scales differed in a significant manner. Although later
peaks occur on both the theoretical and ernerimental curves, similarities

between the two are less evident.

The above comparisons support the view that the control model, at
least in its initial motions, executes essentially the motion of the free field.
Although other investigators have found that for low stress levels and at large
distances from the source {(such as under seismic condition), a theory based
on a linearly elastic medium conforms well with observed phenomena,
the same arguments may not be applicable here. Thus, such mitigating
factors as (1) the relative closeness of the point under consideration to the
source, (2} apparent density variations within the sand bed, (3) the discounting
of the interaction (see Section 4 2), and (4) the uncertainties in the actual
time variation of the detonation process and its departure from a concentrated

force must all be acknowledged.

4.2 CONTROL MODEL RESPONSE

4.2.1 One-Dimensional Theory. We describe in this section a one-
dimensional theory of the control model response based on elastic action
of the soil insofar as the sand-model interaction process is concerned.
Modaification of the theory to include two-dimensional effects and the
numerical results obtained are discussed in subsequent sections. [t is the
purpose of these analyses to investigate whether the experimental data can
be better interpreted on the basis of interaction phenomena than on the basis

of free-field motions {(as considered in the previous section).

Consider a column of sand in which is embedded a rigid mass representing
the control model, Fig. 4.2. We image this column to be directed along a
radial line in the sand bed, and, since we do not consider reflection effects

from the sides of the sand container, the column may be considercd infinite



in length. The sand, being assumed a linearly elastic, homogeneous, and
isotropic body, satisfies the well-known, one-dimensional wave equation,

insofar as its free-field particle motion i8 concerned. That is,

C2 bzu - B?'u

3 x2’ 3 tz s (4.13)

where

x = coordinate defining position of sand particle

u = displacement of gand particle in the direction of the x-axis

c = \/}Q//JT = gpeed of elastic wave propagation

t = time

E = compressive modulus of {idealized) sand

A = density of sand.

The generzl solution of Eq 4.13 is known to be of the formé/

u(xl t = ul(x tct)r uz(x - ¢t} (4.14)
Let the function u, represent the free-field displacement at the point x = 0
taken to be just prior to the sand-model interface; ul(t) thus defines
the motion of the wave pulse incident upon the model. Due to the interaction

process, a reflected wave, denoted by u, , is transmitted upstream. The

total displacement of the free field at the interface x = 0, therefore, is

u{t) = ‘ll(t) + ux(t)

By continuity at the interface

ult) = y(t} ,
where y is the displacement of the control model, Fig. 4.2.

We consider now the computation of the force-per-unit-area on the
upstream and downstream faces of the mass. Since we assume intimate
contact of the mass with the adjacent sand particles, these stresses are also
the stresses in the free field at the respective interfaces. With reference to
Fig. 4.2, the time-dependent stress, (5 (t), on the upstream face may be

thought of as the superposition of stresses in the incident and reflected waves, i.e.

4/ See Ref 7 or any textbook on the subject.

58



Sty = O (t)+ a,(1) . (4.16)

Since the sand is assumed to obey Hooke's law, the following relation holds

between stress and strain:

Oul
6, (t) = E
! dx (4.17)
. ou,
Gz(t) = J:;dx

By virtue of the "wave'" form of the displacement, Eq 4. 14, the strains are
proportional to particle velocity. Thus, by Eq 4.14, 4.16, 4.17, and the

continuity condition, Eq 4.15,

o, (t) = /ocﬁl(t)
G,lt) = - pcilt) = pocly -y)
, : (4.18)
= G(t) - pey

S() = 2 §(t) - pcy

The quantity oc is often referred to as the acoustic impedance of the
medium. The mass is assumed to be rigid so that the downstream interface

moves with velocity y , inducing a stress in the sand of magnitude
G, = /oq'r . {4.19)

These being the only forces acting on the mass, the equation of

motion of the mass is
a [0 - q] = M,

or

X

y+ 4y = £ (1), (4.20)



where

A = area of interface
M = total mass
0( - 2pcC
m
M
m =z
Z 6'1 (t)
f 2 e e
£(t) -

For a motion starting from rest, Eq 4.20 is subject to the initial conditions
[
y(0) = y(u} = © (4.21)

4.2.2 Modified One-Dimensional Theorv. According to the results:
of the one-dimensional theory, Eq 4.20, the mass would undergo an infinifely
large displacement under the action of a steady force. This is to be expected
since the infinitely long column of sand has zero stiffness. However, if a
steady force is applied over a finite area to a two- or three-dimensional
body of infinite extent, finite displacements result. This is but one manner

in which the one-dimensional problem differs from the more general case.

This particular difficulty may be circumvented in a rather simple,

if arbitrary, fashion. To provide the necessary restoring force, one has
only to imagine a linear spring connecied to the mass in parallel with the
free field, as indicated schematically in Fig. 4.3. A basis for selecting
a suitable linear spring may be argued in the following manner. A well-
known solution in the three-dimensional theory of elasticity is that of a
semi-infinite body acted on by normal stresses distributed over soine area

A of the free surface. In Ref %l ii is shuwn that the average deflection

of the loaded surface wavg is given by

- m(l—o’?‘)P , (4.22)

E aA/A

avg
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where

P = total load on the area

¢~ = Poisson's ratio

E = Young's modulus

m = constant depending on the shape of the loaded area.

The constant m is generally of the order of unity, being equal ta 0,96 for a

circular area, and 0.95 for a square, and having the value

0.94 >m >0.71

for rectangular areas whose sides are in the ratio of

1.5 <a/b< 10 .

This, then, indicates a linear spring of rate

k= P _ ENA

Yavg m{1 - §°)

(4.23)

and suggests the average value,
k &2 E per unit length.

If we consider the spring to connect the mass to the free field, it exerts
a restoring force on the mass given by—5—/ k(y - ul) . The particle displace-
ment of the incident wave at the interface x = 0 is related to the incident

gtress wave as fcllows:

t t
u) () = ﬁ‘c g o zHr = 2-/-:"_5 ‘( (z)zr = :1(_1(3) . (4.24)
0 0

3/ This assumption ensures an oscillation of the mass about an equilibrium
position relative to the free field but still permits an absolute permanent
displacement since u, is not restricted.
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The quantity
t
Ity = gf(z)d?

(o

is proportional to the imipulse of the incident stress wave and implies that

u, (0) = 0

The equation of motion of the mnasé now becomes

. 2

y+ dy+ wzy = f{t) +- L:/) 1(t) , (4.25)

A

This equation is subject to the initial conditions of Eq 4.21 and replaces
Eq 4.20 for the motion of the mass. It is recognized as the equation of
forced motion of a viscously dainped, lin.ar oscillaior. Equation 4.25 may

be put into the convenient nondimensional form:

Y( +2 /5 nor ‘r’( = gl?), (4.26)
whkere
A
i P
7? = '2‘7(}{57— y . nondimensional displacement of mass
o
1T = wt . . . nondimensional time
0’0 = amplitude of incident stress pulse
1 a)z
gfv) = g [T/ )+ =— (T w)
o X
L
a, = C)j)/’pc . . . particle velocity of incident puise

and the primes indicate differentiation with respect to ¢
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Solutions to Eq 4.26 have been obtained for both cosine and triangular
forms for the incident stress pulse. The analytical solutions are summarized
in Appendix C; the results of a limited variation-of-parameter study conducted

on the ARF analog computer are discussed in the following section.

4.2.3 Variation-of-Parameter Study. Equation 4.26 involves two
essential quantities, the parameter A which depends on the properties of
both the sand and the model, and the function g{%’) which depends primarily
on the incident stress pulse. Inasmuch as neither of these quantities is well
defined, it seemed desireable to investigate the nature of the solution over
some range of the parameters., To this end, a limited variation-of-parameter

study was conducted with the aid of the ARF analog computer.

The value of B is of particular interest, since the steady motion is
either of an oscillatory or non-oscillatory type as the value of 3 is less than
or greater than unity, { 3 may be thought of as representing the percentage
of critical damping for the system.) For a value of 800 ips for the wave
speed ¢ , 110 lb/ft3 for the weight of sand, and the measured weight
of the model, 43 is computed to be about 1.8. This indicates an overdamped
motion, a result which is intuitively satisfying since the model would not be
expected to undergo a vibratory motion when immersed in the sand bed. It
was thus decided to limit variations in 5 , and for the most part computer

solutions were obtained with % = Z.0.

Partly for the sake of simplicity, it was decided to study soclutions
based on a triangular form for the incident stress pulse. Typical results
for a representative range of inputs are shown in Fig. 4.4 through 4.9. -9/
Some difficulties which limited the number of solutions obtained were
encountered with the computer. The computer solutions show the acceleration
asymptotically approaching zero after the negative peak. Carefcl numerical
evaluation indicates that a small, second, positive peak actually occurs.
Also, it was not possible to obtain solutions for extremely short rise times.
However, the computer results presented here are correct in their essential

details.

(] . . . .
s/ For the parameter values mentioned above, a nondimensional pulse width
of 4.5 time units on the computer corresponds to 1 msec real time,
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While the predicted acceleration is somewhat reminiscent of the
experimental data, there are noticeable dissimilarities, due mostly to the
simplified incident stress pulse considered. The shape and relative magnitude
of the first positive and negative acceleration peaks depend mostly on the
rise and decay rates of the pulse. As expected, amplitude increases as the
rise or decay time decreases. A pronounced flattening of the peaks occurs
with increasing rise times. It seems clear that reasonably good agreement
with the experimental results could be obtained by suitable choice of the
incident stress pulse. This choice would have a relatively more rapid decay
rate than rise rate and likely would exhibit a small tension phase similar to
the Rayleigh surface stress wave. We observe that while neither the free-
field nor interaction theories conflict with observed results, it cannot be said
that either of these approaches, or their underlying assumptions, is necessarily
substantiated. We can only conclude, therefore, that either point of view is
probably adequate for predicting the gross behavior of the models under the
test cenditions, but inadequate for a phenomonolegical understanding of the

problem.

4.3 TWO- AND THREE-DIMENSIONAL EFFECTS

The theory described above is based un a one-dimensional, elastic,
mathematical model of the sand-model interaction, modified so as to
introduce a two-dimensional effect of possible importance. As mentioned
previously, the physical setup is strictly a three-dimensional problem, and
we omit treating certain effects by virtue of our simplifications. Thus, we
discount (1} surface effects at the free boundary, (2) possible variation in

response with depth, and (3) two-dimensional effects at a given depth.

Of these, item 1 is likely to be of greatest significance, in that a one-
dimensional approach offers no way in which to account for the actual geometry
of the model. Reference 1 attempts to do just this by drawing analogy to the
corresponding air-blast loading problem. Inasmuch as this approach has not
been substantiated and since our present aims are of necessity rather limited,

it was decided not to employ these results.
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4.4 ISCLATION MODEL RESPONSE

Two classes of isolation mechanisms were considered, either applicable
to the polyurethane foam isolation tested, depending on the stress levels
involved: {1} an elastic or non-energy-dissipative mechanism and {2) an
energy-dissipative mechanism. The elastic mechanism,which appears to have
been realized in the experiments, is discussed in Section 4.1.1. The dissipative
mechanism, which apparently does not occur at the low stress levels achieved

in the experiments, is discussed in Section 4.4.2.

4.4.]1 Elastic Isolation Systems. An elastic isolation system refers
to what is in essence a linear spring (or spring-dashpot) mounting of the
structure relative to the surrounding medium. To be effective, it gscems
clear that this should be a "soft' mount, that is, one for which the rigid-
body mode of vibration of the structure is of a sufficiently low frequency.
One can then visualize a low-frequency, low-amplitude oscillation of the
structure (relative to the surrounding medium) resulting from a relatively
much more intense input with high-frequency components. Thus, the
structure-isolation system simply cannot respend to the local time details
of the input soil motion; as a result, its response is primarily dependent

upon the total impulse of the input.

From this point of view, the interaction problem occurs at the soil-
isclation interface; the mction of the structure is more the ordinary matter of
external excitation. Thus, we may visualize some short-duration motion of
the soil-isolation interface {which is essentially that of a free soil interface
due to the low compliance of the isolation "spring") acting as input to the
isolation. The subsequent motion of the structure, then, is essentially a free

vibration relative to a ''rigid" soil boundary.

To the extent that this view proves admissable, the governing theory
is straightforward and simple. For example, if a displacement compatible
with the cosine stress pulse considered in Appendix C is8 imparted to cne end
of the spring, the maximum acceleration of the structure is found to be
inversely proportional to the square of the period of the system, T, »
providing that this period is long compared to the duration of the pulse,

>
Tp . The maximum displacement is proporational to the ratio (Tp/Tm)".
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Thus, the amplitude of the transmitted acceleration pulse, as well as the
displacement of the structure relative to its surroundings, can be made as
small as desired. Of course, there is a corresponding increase in period

of the induced motion.

Reference 28 deals with upper and lower bounds to the response of
the lincar mass-spring system and is of interest in the present application.
Svecifically, absolute upper and lower bounds to the maximum displacement
have been determined for the class of non-negative forcing functions charac-
terized only by total impulse and duration. Thus, given the impulse and
duration of the input to the system, one is able to state in advance both the
maximum and minimum possible maximum displacements of the system
regardless of the particular time-variation of the input. It appears that
these results could be extended to yield bounds for the response as measured

by acceleration of the mass.

4.4.2 Energy-Dissipative Isolation Systems

4.4.2. 1 Introduction. Existing studies of the ground shock-
isolation problem all seem to consider the use of some sort of energy-dissi-
pative device, the "gin bottle' experiment of Ref 29 being the most conspicuous
example. Possible alternative approaches were discussed in Section 2. 3.

In this section, we consider a particular class of energy-dissipative materials,
the so-called totally locking material, which appears to be applicable to
prototype installations. The results of the analysis suggests, however, that
the assumed action of the material, while possible, may not be practically

achieved.

It may be imagined that the incident ground shock causes sudden,
largely permanent displacements of the soil and that the structure moves through
this distance. Potentially destructive forces and accelerations result from
the sudden arrestment of the structure. Viewed in this manner the isolation
problem is similar to the dynamic cushioning problems of recent interest to
the packaging industry. Reference 15, for example, discusses the concept
of optimum cushioning and presents static and dynamic test data on the

properties of a variety of cushioning materials.



The materials of interest in the packaging problem are generally
flexible and o iow density (e.g., hair latex, cellular rubber, flexible
polyurethane) and in application are characterized by large strains (up to
about eighty percent). A typical static stress-strain curve ia that for a

flexible polyurethane foam material shown in kig. 4.10 (Ref 15).

Consider a material in an unstrained state suddenly subjected to a
stresg at its surface. If the stress is of sufficient intensity some portion of
the material will be strained to its limiting value, and this portion will move
as a rigid body contiuuwally acting to compact material ahead of itself. A
material behaving in this fashion will be termed a ''totally locking material",
following Ref 25. 1/ We will first develop the properties of such a material

and then introduce it into the interaction problem.

4.4.2.2 Totally Locking Material. Figure 4.11 shows a one-

dimensional length of the isolation material. The incident stress wave at the

v2locity Us and causes the interface itself to move with velocity Ui
Denote the density of the uncompacted material {(ambient density) ahead of
the shock front by Lo 1 and the compacted density behind the shock by

.Y . According to the assumption of a totally locking material, a2 isa
c’onstant, so that the length of material behind the shock front (z - x), Fig. 4.11,
moves as a rigid body with the velocity of the interface Ui . Accordingly,
im regh

Conservation oI mass reoguires

N U, = 0 (Ug - Ui) =my , (4.27)

where the constant m, may be thought of as the mass ilux ihrough the surface
of the shock front. Equation 4.27 yields the following relation between the

interface and shock velocities:

U.
i

T = 1- 9/ o = e, (4.28)

where the constant e is termed the compaction strain.

z[ Reference 25 presents an interesting free-field theory for a non-cohesive
sand medium based on this type of behavior.
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Applying conservation of momentum across the shock front,

- = 4
20 U (U Ui) G‘B (4.29)
where G’S is the stress (i.e., pressure) in the compacted material just
behind thc shock freount; the ambient material is taken to be stress free. By
Eq 4.27 and 4.28, the stress at the shock front is

_ 2
Cg © /0 Ce Ug - (4.30)

In ordcer t5 sustain the shock front, the stress O’s must be at least as large
as the stress associated with the compaction strain, €. (see Fig. 4.10).

That is, we assume

S (4.31)

s - "¢
throughout this discussion.

Apply now conservation of energy across the shock front, and use the

well-known form of the energy equation, Ref 43,

1 1 1
{ - o, = E¥ o |, (4.32)
z ‘o ) 5
v s

where E¥* is the internal energy per unit volume behind the shock and the
energy datum of the ambient material is taken to be zero. Thus, E* represents
the increase in internal energy due to the compaction process. Substituting

the above results into Eq 4. 32 yields
— l 2
E¥ = > 0 U] . {4.33)

Equation 4.32 can be interpreted to mean that the increase in internal
energy across the shock front is due to the work done by the mean stress in
performing the compression. The result of Eq 4.33 shows that this increase
in energy is numerically equal to the kinetic energy per unit volume of the
compacted material. This, by the way, demonstrates the fact that the
compaction process is indeed an energy-dissipative process. Finally, itis
important to note that these results in no way have involved specifying the

stress-strain properties of the material or the mechanism of compaction.
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It has only been assumed that the particle velocity is independent of position
behind the shock (rigid-body motion of the compacted portion) and that the
incident stress is of sufficient intensity to maintain the shock front. Neo
attempt will be made here to treat the problem wherein the latter condition

is not met, e.g., during unloading.

4.4.2.3 Response of Isolation Model. We wiil now extend the
one-dimensional theory developed in Section 4.2.2 to include a totally locking
isolation material interspaced between the rigid mass represeniing the model
structure and the surrounding elastic rmedium. With reference to Fig. 4.12
consider a free-field stress pulse G’l {t} , incident upon the sand-isolation
interface a-a . We will assume that the transmitted stress exceeds the
compaction stress for the mater‘al so that the interface a-a is displaced

with velocity Ui = x . As in the development in Section 4.2.1 the stress-

on the moving interface a-a is

o(t) = 20y (t) - /oc;'c

where c i8 the acoustic impedance of the sand. The equation of motion of
the "rigid' portion of the material bounded between the interface a-a and the

shock front is

o) = —g (0, 24

where SO,2 is the total enclosed mass and coordinate z measures the portion

of the shock front relative to the original position of the interface (see Fig. 4.11).

From the above two relations and Eq 4. 28, the equation governing the

position of the shock front is found to be

d e APC 2
-—-a-t-—(ZZ) T —-;Uo—- z = —'-/—G—C;—é':;'“"“ 6‘1 (t) (4. 34)

This may be integrated once to yield

c
z%i-/o z =—2

/Oo /%

Iy , (4. 35)
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where

I(t) = Gy (7)ar (4.36)

is tne impulse of the incident free-field stress pulse, and the initial condition
z (0} = 0 has been employed. Egq 4.35 is a non-linear eguation, and closed
form solutions to it may be obtained only in special cases depending on the
nature of I(t) In particular, when I(t) is a linear function of time
{corresponding to a step pulse for 6’1 ), the equation is recognized as a

linear fractional form for which the solution is straightforward.

Equation 4. 35 is valid providing the shock front has not yet reached
the isolation-structure interface b-b , i.e., for z <L , Fig. 4.12, and
provided .that the compaction process can be maintained, i.e., that Eq 4. 31
holds. We will assume the latter to be true and will proceed to the isolation-

structurc interaction.

When the shock front reaches the interface b-b, the upstream isolation
material impacts the structure as one rigid body upon another. If it is assumed
that the impact is plastic (i.e., no rebound), an initial velocity is imparted
to the mass. The subsequent motion is that of the combined masas of isolation
material and structure, acting as a rigid body and being resisted by the down-
stream isolation material and sand. ¥rom momentum conservation, the initial

velocity of the structure, {ro , i8 given by

= )

Le z
;e ;Ooo il L (4.37)
[¢]

where éL is the velocity of the shock front at the time 2z = L , and m is

the mass of the structure. By Eq 4. 35,

. 2 Vet

c
= I(t -
L /OOEeC L) /00

where

z(tL} = L
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In order for a compaction front to propagate into the downstream
isolation material, the stress at interface c-¢ must exceed o"c . This
prescribes a minimum value of ;'o for which the compaction process will

continue. From Eq 4.30, this condition is

Vo T —— - (4. 38)

An equation for the position of the shock front z , in the downstream
isolation material, analogous to Eq 4.34, can now be written. This, in turn,
yvields the equation of moiion of the structure, since continuity must be
maintained at interfaces b-b and c-c . Accordingly, one obtains as the

governing equation for y{t) ,

‘ y ,
1?—— {(m+/)01_,+—/—2-9—-—) J+ /Ocy = 20"l(t)

c
. (4. 39)
ylep) = Osyltp) =y, t2¢
Integrating Eq 4. 39 yields
LoV . ) |
(m+/00L+—E--——)y+/Ocy 2 ZI(t)—/ocLec . (4. 40)

(o

An explicit form for y can only be obtained in very special cases.

Equation 4. 40 is now wvalid for t <t <2t z <L , that is

L L °f
until the shock front reaches the isolation-sand interface d-d . The
subsequent motion of the structure is easily formulated, but, as discussed

below, there appears to be little point in doing so.

In order to investigate the conditions under which this type of isolation
material can act as assumed above, we consider as a particular example a
step-pulse incident gtress wave and isolation properties corresponding to a
flexible polyurethane foam material. For 0’1 {t) = ‘O’o , the solution of

Eq 4. 35 is found to be

z(t) = At , (4.41)
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where

1

/OC 80’0100
2 2 2
Po |\ e pte

A + 1 -1

J

The stress at the compaction front is

- 2 2
Gy = /00 e,z = /_/)oeCA {4.42)

Thus, the stress is constant throughout the compacted portion of the material.

In order for the compaction process to occur, we require O‘s > G’C
This implies the following minimum value for the incident stress ¢
e (O
1 cC C
0, > G’C + /Oc

e

Consider the following numerical values for an Ottawa sand and an

(4.43)

isolation material such as a flexible polyurethane foam, shown in Fig. 4.10:

3.4 1b sec?/ft (110 1b/1t3)

P

C

dry Ottawa sand
800 fps

1

o = 0,062 1b sect/ft* (2 1b/1t’)

= 0.8 polyurethane foam

e

c

T, = 6 psi ]
From Eq 4. 43,

1 ~

o, = 5 [6+2000] % 1000 psi

which is the minimum stress for the compaction front to form in the upstream

isolation material. Feor this value of stress, from Eq 4.41 and 4.42,

A = z = 142 fps
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This result -~ that a 1000-psi incident stress pulse is transmitted into
the isolation material as a b-psi pulse -- indicates that the polyurethane foam
effectively acts as a void relative to the adjacent sand. Thus, at stress
levels of the order attained in the experiments (i.e., about ! psi), compaction
of the foam definitely would not be expected. This being the case, there is
no point in continuing further with application of the theory to the present

experimental situation.
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74



— W, Y

Sand
— )
U2

G(1) o Rigid Mass, pe— San:
N i
— o 0,(t)

Figurae 4,2 One-dimensional sand-model configuration.

— ——y
,// Kk
WA
7
Sand Rigid Mass, Sand
] M REAC)
uy Gt
— s —
u
Y2

Figure 4.3 Modified one-dimensional sand-model configuration.

75



*? = m\ ‘awrry as1x jaoyg
*asuodsax pue asynd ssa1ys semBueral % sanfig

76



‘7 = @\ ‘awry Leoap ja04yg
‘oguodsaa pue semnd ssaxjs semBueiil ¢ 2Indtg

WS FY Y ™

17



Evpas pou o f —
e e T T e == It
aaat
—_— ha . — et
b e s = e
e : : :
» e o e
= : > T .
— - ——3 N
= = =
T —]
e — +- | —

e — f— — b . [y “r
== =T =t = TN S
— SRR i S N [N —— - =t gt b 3
= . — = — : = —% 4.
- —t— g — =
- = = -

L Te=T oy ey} p— e s gureraus Seainary .
= — e gy s 1
= e et e I = e P Seed L (o S e
m [ — g — g | - oy s, -r
—— = = e il B T T2 S o =
—— 3 — . —r== g Singuay. i ot Sl i 4 b umhe
RPN S i T— (" —— el = -

— - b = e | e T T = e mdiuns wljmnad A + —— =
=1 et & == =F e
et T e S — TEARETFENED
===ty Y X . = E rb Sty lr..u

m h " eyt gy + Ysyoh Sl oy o

- T - - — .I.HI_ B
=il : — — =

A
.. II
X

i
o
il

al

4= : ==t
- ||.. .".n P -: iy - i lL|ﬂ.!. HP—
k e e 1 Snb e T e
C TR e e e L s P T N =T ET I raes
e=s =5 — === = ol AR TR SR S S e T e
= — N ————1 = N — - [ prevn g
Tt Sk e e s ™ i ety eyl faut——— g i) St LRI npipp it i el sialion
T e e e Ty B W Tl o B AT WY = 8 S Wt ot P gl Rt
oI e e N T e ———— e o — — == —
= R T N T e S T S\ e T T
B ; o e T e e e T I NI T et
oy B e ] e gy .l,nu.1Vf|ilJ.|i|.||||I.,.,nM.Hur1||1llu N
= e e e e e o e e e e
- — =\ - — 0 - —— - .
T oo =t et e O ) ) el e Sty s Ey e N s —
LN T — |lm.lﬂ,.‘..ﬂhn hpak L=
.”...m‘v ﬁ,ll.....lll — .|lﬁh g h«l.llﬂ!l” —= -
w e o= P
e ——— -— - > o '~
St e i pngulhy Suymd Shy e —— & e pyuran geee
e e - — —=fi= ey St
T L T o =t e |Wm Pt T F ey e
[ S N IR TS B MR st ST TSR S
e e e e L P e T T r i e e TR T
= T Ty Tepn e ey iy T — = AT et

response.
= 2.

//3

Triangular stress pulse and
Equal rise and decay time,

Figure 4.6

78



Figure 4.7 Triangular stress pulse and response.
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Chapter 5
DISCUSSION OF RESULTS

5.1 THE EXPERIMENTAL PROCEDURE

The results obtained are considered to demonstrate the feasibility
of the experimental approach, at least insofar as reproducibility of effects
is concerned. Success in this direction has proven to be mostly a matter
of experimental technique, and the present procedure can doubtless be
improved with continuing experimentation. From a quantitative point of
view, the shot-to-shot variation in control-model response is practically
negligible as compared to the differences in response between the control
and isolation models. Thus, one would have confidence in utilizing this
experimental approach to establish the effectiveness of a {model) isolation
device on either a single- or repeated-shot basis. However, when one
demands assurance of a highly reproducible input, as might be the case in
rating relative effectiveness of different isolation devices, the matter is

by no means as clear-cut.

The data indicate that effects are well reproduced on successive first
shots on the bed, i.e., when the bed is completely reconditioned between
shots, but that the effects recovided on a {irst shoi are not as well reproduced
in the second or later shots on the same bed. However, discounting the
first shot, the effects are reasonably well reproduced in subsequent shots
on the same bed. This rather curious result could indicate that the first
detonation serves to shake the bed into more of an equilibrium state than
is attained through vibration and that subsequent detonations then leave the
bed relatively undisturbed. The explanation may have mr ostly to do with
the condition of the crater area, however. That is, we may not have been
successful in recompacting the crater area to its pre-first-shot condition
for the second and later shots. This could be investigated by digging
up the crater area after emplacing the models prior to a first shot and then

restoring it in the manner of a second shot.
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The greatest differences in behavior between shots were observed in
the vertical accelerations. A possible explanation for this might be that the
vibration process tends to '"float' or rotate the model slightly-l-/. It is well
appreciated that a uniform and high compaction of the bed is not easily
attained. The mechanics of the vibration process are extremely involved:

a major effort would be required to establish the proper type of vibrating tool,
its operating frequency and amplitude, and the pattern and extent of vibration

required to gain maximum compaction of the sand bed.

The responses of the control models were in reasonable agreement
at the same radial location for any one shot. The differences attest to the
variation in physical properties {mostly, relative density) throughout the
bed. This is not believed to be due to asymmetrical behavior of the charge,
since the crater was alwaya quite symmetrical ard very well repraduced in

dimensions from shot-to-shot.

All things considered, the following procedure is recommended for
future testing: The bed should be conditioned in the present manner, and
three to four tests should be run without otherwise disturbing the models.
The models should then be removed, the bed entirely reconditioned, and the
same procedure repeated. Depending on the results obtained, it might be
desirable to run this cycle of tests again. This unfortunately time consuming
procedure seems essential if relatively small differences in model behavior

are to be recognized.

5.2 THE EXPERIMENTAL RESULTS

It appears that the control model primarily executes the motion of
the free field. This suggests the possibility of using the measured
acceleration to estimate incident free-field stress levels. Based on the
parameter values given in Section 4.4.2.3, the maximum positive accelera-
tion of the model due to a cosine-type stress wave (see Appendix C)

corresponds to a stress amplitude of about 0.1 psi per g. For a 10-g peak

s The weight of the sand displaced by the model exceeds the weight of the
model itself, thus possibly creating a bouyancy effect when the sand
particles are in maotion.
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acceleration, this predicts a peak stress of 1 psi and an associated maximum
4 .
1

displacement of 6 x 10° ~ in. While these are not claimed to have been the

actual test conditions, they seem of reasonable value.

The teste with pelyurethane foarn indicate this material to be highly
effective as an isolation device. The observed low-frequency low-amplitude
motion is suggestive of elastic (i.e., non-energy-dissipative) behavior,
as if the model were spring-mounted from a rigid surface. This view is
also supported by theoretical considerations. The theory of a totally locking
isolation material indicates that ithe dissipative action of the foam should
obtain only at extremely high incident stress levels, while the observed
relative behavior of the two thicknesses of foam is as expected on the basis
of elastic response, Thus, the compliance of the foam springs being
proporticnal to their length, one would expect the thicker material to
exhibit the greater period and the lesser acceleration amplitude. This
behavior was cbserved in the tests, although it is not possible to gain a

strictly quantitative comparison between the two models.

Little can be said concerning the general gignificance of the experi-
mental results since, at best, this matter can never be settled within the
context of miniature-scale experimentation alone. Moreover, the major
effort of the program to date has been in the establishment of an experimental
technique, and the gathering of data has only just begun. Necessarily, this

discussion will be brief.

The practical problem of achieving a satisfactory level of shock
isolation clearly seems dependent upon the scale of the motions of the free
field. Thus, the effects of transient ground motions of several inches might
be ameliorated in various waye, whereas motions of several feet or more
pose problems that are at least different in degree and possibly in kind.

In pressure regions ot current interest, however, the concensus of opinion

(if not of fact) suggests that the gross motions of the soil are of tolerable
proportions, and this would tend to support the reasonableness of the

present experimental approach, the differences in ground shock and geometric
scale notwithstanding. Granted this, the results so far are encouraging.
Specifically, it is suggested that simple non-energy-dissipative systems

are effective and, moreover, that a material such as the pslyurethane foam
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used in the tests may be practically applicable to prototype installations.
Thisg latter suggestion, in a way, is more than had been anticipated, since
our original view discounted the possibility of actually testing prototype

systems. However, the properties of this particular class of materials
seem to demand further consideration.



Chapter 6

CONCLUSIONS AND RECOMMENDA TIONS

6.1 CONCLUSIONS

Within the scope of ihe work as set forth in this report the following

conclusions have been reached.

1. A satisfactory experimental procedure was evolved for producing
ground shock disturbances in a non-cohesive (Ottawa) sand medium using
small HE charges. Stress levels achieved to date are cstimated to be of

the order of 1 psi at the test locations.

2. It iz porsible fr ackicve reascnably good reproducibility of effects
within the bed from shot-to-shot. While strict duplication of free-field
conditions for any two shots carnct be guaranteed, these differences are
consg.dercd ws.grificant insofar av evaluating the effectiveness of a model

isclation device is concerned.

2. A model rsolation device consisting of a thicknegs of a flexible
polyurethane fcam interspaced between a rigid silo-like model and the
sand was shcewn to be effective 1n reducing peak accelerations executed
by the structure. Pcak accelerations are reduced by a factor of eight or
more, with # corresponding ircrease in the pericd of the moiion. While
the foam material can act as an energy-dissipating medium at extremely
large incident s*ress levels {:000 psi), the experimental results indicate that

its action is elastic and approximates that of a linear spring at the low stress

levels of this experiment.

6.2 RECOMMENDATIONS

1. Itie believed that a contiriation of the experimental work described
herein is justified. This would involve primarily an investigation of the
isolation effectiveness of various formuiations of foam materials {or their

equivalents) under the highest practica’ stress levels.
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2. Consideration should be given to the design of a small-scale
experimental program, utilizing HE-generated ground shock and models
several times the scale of the present tests. These tests would be conducted
out-of-doors 80 as to achieve higher stress levels than are now practical
and to more closely simulate the combined effects of both direct and air-
induced ground shock. However, such tegts could not imply a known means

of modeling structural response or of scaling to large HE or nuclear bursts,

3. Consideration should be given to the practical employment of such
materials as.flexible polyurethane foam in the shock isolation of prototype

structures.
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Appendix B

DESCRIPTION OF SAND

B.1l GRAIN-SIZE ANALYSIS

The sand used in the experiments was a uniform Ottawa sand. A
grain-size analysis showed that all sand particles pass through the No. 20
gieve and that the smallest particles are retained by the No. 200 sieve,.
The measured grain-size distribution is shown in Fig. B-1. The grains
appear spherical in shape; their specific gravity is 2. 64; and the angle of
internal friction (ﬂ), which depends on the relative density, was determined
to be 36* in a triaxial compression test, a reasonable midrange value for
Ottawa sand (32° < f < 42°).

B.2 WATER CONTENT

Water-content tests, which were performed at various t{imes throughout
the program, showed a variation of water in the sand from 0 to 0.4%. This
indicates that the water content can be attributed to the normal moisture

content of the air in the test cell.

B.3 DENSITY MEASUREMENTS

A maximum density of the sand was obtained by vibrating the sand in
a2 container of known volume. Afier 6 min of vibration a maximum density
of 111.4 lb/ft3 was obtained. ¥For this measurement, the table frequency was
500 cps at an amplitude of 0.0005 in, A minimum density of 95,10 lb/ftb was
obtained by nouring the sand fromr = fixed height into a container ¢f known

volume.

The sand bed was initially filled with 160 bags of sand, having an
estimated average density of 108.8 1b/ft3. This figure is considered
unreliable, however, since inadvertantly only the weight ¢f 10 bags was

determined,
In-place density measurements were made at various positions in the
bed. This was accomplished by carefully removing a volume of sand from

the interior of a stovepipe sunk into the sand hed. The weight of this sand




was determined through weighing, and its in-place volume was found by fﬂling
the excavated stovepipe with a calibrated sand. The apparatus used is shown
in Fig. B-2. In-place density measurements obtained throughout the bed
after the usual vibration and bed preparation {Section 3.4) varied from

107.3 1b/ft3 to 110.2 1b/ft3. These correspond, respectively, to relative
densities in the range of 77.3% to 93. 7%.

Now that the experimental technigue has been developed, any future
testing should see an increased number of these measurements (both in
time and space} in order to obtain a more detailed picture of the density
distribution.
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Appendix C

STMMARY OF SOLUTIONS TQ CONTROL MODEL EQUATIONS

C.1 COSINE STRESS PULSE

Let the incident stress pulse have the form

0,{1 - cos pt) .. .0sts2Wp
‘5’1(t)=\J o -
] ¢ .. .t >27p

Then Eq 4.26 has as its solution,

y{m =Jyh('ﬂ) ... Us Tsflsf_g_ﬁ';
| 7ot e vt
L2 1
Twa casesg are considered, namely, 1/
Case ] /i<l
Casell g£-1,
Case 1: <1
T 1 . 1 .
Y?](,:)‘ ET@-,/—; [sm(l,u?,‘- Q)+’F4 an(’u'r-ﬂz).

- k1 8in{uTe 04)} exp( -AT)-

k.
> 9in(¥7 *ﬁ3)

(C-1)

(C-2)

1G-3)

UWe do not consider explicitly the critically damped case g1 .




= m 1 L v ;3 3
1o i [ e -
- (C-4)
M) Ry st g - '5)J exp{'/g(n TI)J
where
- 1{ 2
/UI - 1 -5
¥ = plw
#, = arc tan(p/-g)
9, = 26, i
§. = arc tan(2s?) - tan|2LX
3 T 1441 /5 arc &n[l—?
a =arcta.n3~éi- 1 - arc tan 2 /5 F X
* [l -2 pEpE e
¢5 2 arc tan ./l
AT
1
v o|1ir /el z
S T I .
- 1
LR RV
2 (1422 ap2d?
; 1/2
ky = {[ﬂ* R ALY ] : +/“z;
Casge II: £>1
N, 2%_ + G| exp(-aT) - G, exp(-b?) +
(C-5)
+G3 cosi? - G4 sin YT
Y]Zm 2 /31\': + Gy exp [-a('c‘- Z‘l)] - G, exp Eb(’!‘— TI)J {C-6)




whears ...2.:.__\
x =z B+ -1

N
Gl = [2!'3 (4,5—2 - 2ag ~1) - h{63 + 1)+ XG4] /{v-a)

G, = [21.’3 48 - 2bg - 1) - alGy+ 1)+1(G4:] /{b-a)

2
G

=
3% E- 0% i

G . 28%- (¥ - 1/2pY
4 (F- 1)2+ 4#5‘62

Gg = [Y!{(Yi) + by () - ﬂblpﬂ /{b-a)
G, = [Y[i('li)-f an, (%) -Wa/ﬁa/(b-a)

C.2 TRIANGULAR STRESS PULSE

Let the incident stress pulse have the form

)
2:1;t/tl R _

G’I(t)-{ZG;(Z-t/tl) -ty ete2n (C-7)
\0 e e o t 72:1

Then Eq 4. 26 has as its sclution,

nz(f) ...0:—7,'&"&’!
g = P € ... T, « Z‘éZl’1 s {C-8)
.0 ...t=>3f
whereyiorﬁﬂ

N, 0 = *z,'sl?‘ [(3_35-) exp(bt) - (-él’_.s} expla) + 2412 - 1] {C-9a)

%/ We do not consider explicitly the cases /66 1.



Ieble K, explad) + K, exp(bt) - K 7%+ 7/8+ K, (C-9b)

Ifigti= K, explal)+ K exp(bt) +12;/28 (C-9¢)

and vhiheres

ie pJFT

1
Hb = -ﬁ -\]‘ﬁz -1
HKue .é[)?i(ri) - K2bexp(b?)) + 2K, 7, - llp] exp(-a?])
b= 2 e W (8 + (2K, + afs)t
y = Toag W) - (&) ¢ 2Ky aply -

-a K3le+ a.K4 - 1lp] exp(abt'l)
EK = 1/4;321

1
5, -(.E,l—- 1)/2,6

= [b))z(zti) -l - btilz,% exp {~2a?)/(b-a)

o

3%, = [-anen) enyen) « atjlp|exp -20%)/(b-a)
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